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Immunohistochemical colocalization of the a-subunit of neutrophil
NADPH oxidase and ecto-5'-nucleotidase in kidney and liver. In kidney
and liver, fibroblasts and fibroblast-like cells, respectively, are sources of
erythropoietin (Epo) formation, and these cells also bear a number of
other similarities. Renal Epo expression is localized in peritubular type I
fibroblasts of the cortical labyrinth, and in the liver, apart from parenchy-
mal cells, transcription is found in Ito cells. Both the renal peritubular cells
and Ito cells contain ecto-5'-nucleotidase (5'NT). It had been suggested
that 5'NT is involved in the oxygen sensing mechanism via a hydrolysis of
AMP to adenosine, which in turn may stimulate EPO synthesis. However,
the molecular mechanism of the cellular response to hypoxia is currently
not well understood. Based on the notion that a heme protein probably
acts as the oxygen sensor, it has recently been proposed that a b-type
cytochrome as part of the neutrophil NADPH oxidase may influence
intracellular superoxide levels depending on local oxygen tension. Super-
oxide levels were otherwise shown to determine the EPO production in
hepatoma cell lines. By double immunofluorescence labeling the n-sub-
unit of cytochrome b8 (a-SU) and 5'NT were simultaneously localized in
rat kidney and liver, and in the kidney Epo mRNA and cs-SU were
double-labeled. Positive signal for a-SU was found in the majority of renal
peritubular fibroblasts in the cortex and outer medulla, and in Ito cells. In
both organs, the cells that coexpress 5'NT and Epo mRNA also contain an
immunoreactivity for o-SU. In these cells, cytochrome b555 as part of an
NADPH oxidase may be involved in a presumptive oxygen sensing
mechanism using H202 as a possible second messenger for EPO gene
regulation.
The availability of oxygen is of crucial importance for the
regulation of a number of physiological functions, and the mod-
ulation of gene expression by oxygen is now a widely recognized
phenomenon. Many attempts have been made to clarify the
cellular mechanisms underlying the detection of changes in oxy-
gen supply in kidney and liver, and how these organs respond with
the adjustment of the production of erythropoietin (Epo), the
principal humoral regulator of erythropoiesis. Yet, to date the
current concepts of oxygen sensing and signal transduction path-
ways to the DNA, and probably also to the mRNA in Epo
producing cells of the kidney and liver, are still hypothetical. In
addition there is some controversy as to the location of the sensor
and efi'ector components at the cellular level.
The kidney is the dominant site of Epo production in the adult,
while during fetal life the liver has been shown to account for a
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major proportion of Epo synthesis [1, 21. Later there is a switch
from the liver to the kidney with some variation among species in
the developmental timing of this transition [2, 3]. However,
hepatic Epo production cannot support a normal hematocrit [4],
and when renal disease is accompanied by anemia, relative
deficiency of Epo is involved as a significant factor. A number of
studies have tried to establish the cellular site of Epo formation.
Initial experiments using immunohistochemistry and in situ hy-
bridization showed discordant results in the kidney with the
glomerulus, tubular epithelium, peritubular endothelia and fibro-
blasts as possible locations [reviewed in 5,and Maxwell et al, this
issue]. Since Epo production is controlled predominantly at the
mRNA level and significant intracellular stores are lacking, im-
munohistochemical detection has not been successful. Using
non-isotopic in situ hybridization, the peritubular interstitial fibro-
blasts were successfully identified since they express Epo mRNA
and simultaneously stain for ecto-5'-nucleotidase (5'NT) in rats
[61. Similar results were obtained in a transgenic mouse model
bearing an SV 40 T-antigen-reporter transgene [7, and Maxwell et
al, this issue]. Apart from the subset of 5'NT-positive peritubular
cells otherwise classified type I fibroblasts [8, 9], no other sites of
Epo formation were evident in the kidney when these techniques
were applied.
In the liver two cell populations were identified as the sites of
Epo production. A subset of hepatocytes as well as the nonparen-
chymal Ito cells were recently shown to express Epo mRNA
[10—12]. Same as in the kidney, Ito cells were identified by double
labeling for T-antigen immunoreactivity standing for Epo mRNA
expression in the mouse transgenic model, and for 5'NT providing
a specific marker for these cells in the rodent liver [11, 131. As
another link between Epo producing cells in liver and kidney, the
intermediate filament protein desmin can be found as well in both
Ito cells and type I renal perituhular fibroblasts [11, 14—16].
The Epo production rate is inversely related to oxygen avail-
ability, and reduced oxygen supply to the tissue leads to an up to
a 1000-fold increase in Epo mRNA and subsequently to an equal
elevation of Epo levels. The attempts that have been made to
define the nature of the oxygen sensor have so far established
several lines of interpretation. Apparently, the hypoxia sensing
system does not operate simply through cell stress response
triggered by nonspecific damage or metabolic derangements [5].
The dependence of proximal tubular transport on oxygen supply
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has been discussed as a possible determinant for an oxygen-
sensing mechanism in the kidney. Since the intensity of 5'NT-
immunoreactivity in adjacent renal fibroblasts increases with
anemia possibly as a response to local hypoxia, a relation between
hypoxia-based release of AMP from the tubule and the enhanced
formation of extracellular adenosine by 5'NT, which in turn might
trigger Epo formation, has been considered [9, 16]. In agreement
with this idea, a link between adenosine and Epo production has
been described in hepatocellular carcinoma cell lines and in the
kidney [17—19]. Goldberg, Dunning and Bunn [201 proposed that
the oxygen sensor was a specific heme protein that can bind
reversibly to molecular oxygen. In fact, both hypoxia and cobalt
chloride markedly increased Epo mRNA in hepatoma cell lines,
and the increase could be inhibited by carbon monoxide. A
specific b-type cytochrome as part of an NADPH oxidase has been
proposed as a possible candidate for the oxygen sensor based on
spectrophotometric analysis [21—23]. Oxygen-binding NADPH
oxidase has been identified in airway chemoreceptors [24] and in
type I cells of the carotid body [25], and in Hep G2 cells a
non-respiratory heme protein (cytochrome b558) could be identi-
fied in the cell membrane (Acker et al, this issue).
The NADPH oxidase of phagocytic cells is an electron trans-
port system that requires several different proteins to be active:
the membrane- or granule-bound cytochrome b558 consisting of a
22 kDa a-subunit (p22h) and a glycosylated 91 kDa a-subunit
(gp 9iphox) as well as prosthetic heme groups serving as the
terminal electron carrier of the oxidase on one hand, and on the
other, at least two cytosolic factors, P47ph0x and P67phox' that are
related to the activation of the oxidase [26]. In contrast to
neutrophils, non-phagocytic cells such as fibroblasts possessing
NADPH oxidase [27] can produce low, non-damaging amounts of
02 by a structurally distinct cytochrome b558. Oxygen radicals
produced intracellulary are thought to be dismutated to hydrogen
peroxide which could act as a second messenger [23, 28], possibly
influencing cytosolic transcription factors as was described for
AP-1 and NF,,B [29]. Such a mechanism could be involved in the
activation or inactivation of factors binding to regulatory se-
quences of the Epo gene that have been identified previously and
are thought to govern both Epo transcription rate and mRNA
stability [22, 30, 31].
Colocalization of the a-subunit of NADPH oxidase and ecto-5'-
nucleotidase in the kidney
Immunohistochemical localization of NADPI-I oxidase was
performed in rat using antibody directed against the isolated
protein of the 22 kDa a-subunit (a-SU; rabbit polyclonal antibody
was provided by A.W. Segal and F. Wientjes, London, UK), and
for parallel localization of a-SU and 5'NT immunoreactivity, a
mixture of a-SU antibody and monoclonal anti 5'NT antibody
(provided by M. LeHir and B. Kaissling, Zurich, Switzerland) was
applied using two different fluorescent dyes and double-immuno-
fluorescence microscopy. In the cortical labyrinth, immunoreac-
tivity for a-SU was present in almost every interstitial cell that was
positively stained for 5'NT (Fig. 1 A, B). Whenever colocalization
of the two signals was not observed, this was rather technically
based on the two different patterns of immunoreactivity of the
antigens. While 5'NT immunoreactivity, previously identified as a
cell membrane-bound signal [7], was present in the extensive
cytoplasmic processes of the interstitial fibroblasts, the signal for
a-SU was more restricted to the cell body and was found less
extended towards the filigrane processes of the fibroblasts so that
the two signals did not always coincide in a given cell. Anemia
(HCT approximately 16%) provoked an increase of fluorescence
intensity in 5'NT but not in a-SU. Thus, the stellate-shaped type
I interstitial fibroblasts of the renal cortical labyrinth, otherwise
identified as the Epo mRNA expressing cells (Fig. 1C), possess
immunoreactivity for a-SU, suggesting the presence of NADPH
oxidase. In the medullary rays, fewer cells showed both a-SU and
5'NT labels since compared to the labyrinth, less fibroblasts were
5'NT-positive, while a-SU-immunoreactive cells were numerous.
In the outer and inner medulla 5'NT immunoreactive cells were
absent, while the majority of interstitial cells were a-SU-positive
(Fig. ID). These results provide evidence that a predominant
portion of renal interstitial cells contains NADPH oxidase. Only a
subpopulatiori of these cells, which is located in the cortical
labyrinth and simultaneously expresses 5' NT immunoreactivity,
comprises the set of fibroblasts that is capable of Epo mRNA
transcription. Parallel staining for a-SU and Epo mRNA was in
fact detected in the same cortical interstitial cells, but a-SU
immunoreactivity in this assay was weak due to an extinction by
the in situ hybridization signal that was precisely coincident with
a-SU-specific luminescence.
Colocalization of the a-subunit of NADPH oxidase and ecto-5'-
nucleotidase in the liver
It has been previously reported that in the liver, 5'NT is
localized in the biliary canaliculi, in nonparenchymal perisinusoi-
dal cells that were identified as Ito cells, and in the connective
tissue of the central vein and periportal trias [11, 13]. Double
labeling with antibodies against a-SU and 5'NT showed a com-
plete overlap of both signals in the Ito cells, while no other hepatic
structures were stained for a-SU, that is, the pericentral and
periportal 5'NT-immunoreactive connective tissue was also unre-
active for a-SU antibody staining (Fig. 1 E, F). Hence, Ito cells
which otherwise have been suggested to contribute to a (minor)
proportion of hepatic Epo production [11, 12], apparently also
contain NADPH oxidase, while the other cell types expressing
Epo, that is, pericentrally located hepatocytes [10—12], are lacking
the oxidase.
Conclusions
The present results demonstrate that in the kidney and liver,
cells which by direct and by indirect evidence were shown to
produce erythropoietin mRNA, are characterized by the immu-
noreactivity for the 22 kDa a-subunit (p220) of a putative
oxygen sensor protein that is identical or structurally similar to the
neutrophil NADPH oxidase. The particular set of stellate-shaped
type I interstitial fibroblasts of the kidney that has been charac-
terized by the immunoreactivity for ecto-5'-nucleotidase and the
simultaneous capacity to express Epo mRNA upon an hypoxic
stimulation, apparently also possesses the NADPH oxidase. In the
liver, only the Ito cells, which are one of the two cell types in which
Epo transcription was reported to occur, were also simultaneously
positive for both 5'NT and a-SLJ immunoreactivity. The presence
of 5'NT in these cells underlines their fibroblast nature, and
adenosine, the product of 5'NT catalytic activity, has earlier been
assumed to stimulate Epo synthesis. Probably unrelated to this
proposed mechanism, which still awaits further experimental
evidence, is the apparent presence of a b-type cytochrome in these
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Bachmann and Ramasubbu: Cytochrome b558 and oxygen sensing 481
Fig. 1. Double immunostaining for the 22 kDa a-subunit P22phJ ofcytochrome h558, an NA DI'H-oxidizing, superoxide-generatingflavoprotein (A, Texas
red fluorescence) and ecto-5'-nucleotidase (B; FJTC fluorescence) on the same clyostat lissue section of anemic rat kidney. Note that there is extensive
overlap of the two signals (arrowheads). Staining is located in interstitial flhroblasts of the eortical labyrinth (magnification X400). C. Non-isotopic in
situ hybridization showing typical localization of interstitial fibrohiasts expressing erythropoietin mRNA in the cortical labyrinth of anemic rat kidney;
cryostat section, digoxigenin-alkaline phosphatase labeling of specific antisense rihoprobe (magnification X460). D. Immunostaining for the a-subunit
of cytochrome b8 in the outer renal medulla (inner stripe). Most of the interstitial cells are positive labeled (Texas red immunofluoreseence,
magnification X220). E, F. Double immunostaining for the 22-kDa a-subunit of eytochrome b555 (A; Texas red fluorescence) and ecto-5'-nucleotidase
(B; FITC fluorescence) on the same cryostat tissue section of anemic rat liver. ytochrome h555 staining is located in nonparenchyrnal cells (A) identified
as Ito cells by their location and staining for ecto-5'-nuclcotidase (B). While Ito cells show overlap of the two signals (arrowheads in E and F), other
5'NT-positive structures such as the connective tissue surrounding a central vein (v) and bile capillaries (B) are not stained with a-SU antibody (A).
(magnification X400).
cells that suggests that in analogy to other, previously character-
ized oxygen sensing sites and cell types such as the carotid bodies,
neuroepithelial bodies in the Jung and Epo producing hepatocel-
lutar carcinoma cells, an NADPH oxidase may be involved in
oxygen sensing by the kidney and liver. Whether the intracellular
generation of hydrogen peroxide and its putative interaction with
DNAIRNA-binding factors regulating Epo transcription plays a
role in this context, remains to he established.
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